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Motility is a basic feature of living microorganisms, and how it works is often 
determined by environmental cues. Recent efforts have focused on develop¬ 
ing artificial systems that can mimic microorganisms, and in particular their 
self-propulsion. Here, we report on the design and characterization of syn¬ 
thetic self-propelled particles that migrate upstream, known as positive rheo¬ 
taxis. This phenomenon results from a purely physical mechanism involving 
the interplay between the polarity of the particles and their alignment by a 
viscous torque. We show quantitative agreement between experimental data 
and a simple model of an overdamped Brownian pendulum. The model no¬ 
tably predicts the existence of a stagnation point in a diverging flow. We take 
advantage of this property to demonstrate that our active particles can sense 
and predictably organize in an imposed flow. Our colloidal system represents 
an important step towards the realization of biomimetic micro-systems with 
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the ability to sense and respond to environmental changes. 


Introduction 

In recent years, there has been a significant effort to design and synthesize active colloidal 
particles that mimic microorganisms. This has led to the development of self-propelled particles 
that can harvest a source of energy from their surroundings and convert it into directed motion 
[[iiiaEiii. These systems share many properties with their biological counterparts: they exhibit 
a persistent random walk analogous to the run-and-tumble motility of bacteria, spermatozoa or 
algae [l5]| and some synthetic realizations can even interact through chemical gradients and form 
’’colonies”, analogous to chemical-sensing organisms [|6l|7l[8l|9l. 

A key feature of motility is its interaction and response to its environment. The ability to 
sense its surroundings is crucial for living systems and the migration up or down a gradient is 
called taxis. Phototaxis of invertebrate larvae contributes to the vertical migration of marine 
plankton, which is thought to represent the biggest biomass transport on Earth [fTOll . Chemo- 
taxis, the migration in a chemical gradient, is observed for (sea urchin) spermatozoa to guide 
themselves towards the egg [fTH and E. Coli bacteria to locate nutrient rich environments. It is 
furthermore argued to be one of the key component in the formation of patterns and colonies of 
bacteria [lT4l [TSl dH . 

The presence of boundaries or obstacles can dramatically impact the motion of motile mi¬ 
croorganisms. Motile bacteria like E. Coli move in circle near surfaces ifTTlITSl and aggregate 
on substrates to form biofilms, at the root of many persistent bacterial infections ffT9ll . They 
reverse directions when spatially constricted, and migrate preferentially through an array of V- 
shaped funnels [[20ll . Additional effects emerge in a shear flow, e.g. a flow passed a no-slip 
solid surface, and numerous biological organisms exhibit rheotaxis or migration under shear. 
Rheotaxis of fish arises from a complex biological sensing [l2ni22ll . but sperm [|^l24l and bac- 
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teria rheotaxis originate from physical mechanisms, such as a subtle interplay between velocity 
gradients and the helical shape of the flagella llISll . E. Coli bacteria as well as sperm cells ex¬ 
hibit direct and continuous upstream motility (positive rheotaxis) under shear ll^lZTll . Positive 
rheotaxis is also reported for P. aeruginosa parasites, as a coupling of the flow alignement with 
the twitching motility of the organism. This ability to go against the flow is argued to be ben¬ 
eficial for the ability to colonize environments, like the bladder, that are inaccessible to other 
human pathogens |[28ll . In these cases, the upstream migration is hypothesized to result from 
the coupled effect of the alignment of the body with the shear and the polar propulsion of the 
organism [|28l |26l [29l |30l resulting in migration towards the organs and areas that flows are 
flushing. 

Here we present a biomimetic colloidal system consisting of particles that exhibit a con¬ 
tinuous positive rheotaxis under flow, near a solid substrate. Their upstream migration origi¬ 
nates from a flow-induced alignment of the particles’ polar heads. This restoring hydrodynamic 
torque competes with the thermal noise to align the particle and the system is quantitatively 
described by an overdamped Brownian pendulum in an effective potential induced by the flow. 
We show that this mechanism allows for the development of adaptive particles that react to an 
environmental change. 

Synthetic rheotactic particles constitute a step towards the engineering of advanced mi¬ 
crosystems with sensing, analogous to microorganisms. 

Results 

Our new particles are engineered starting from the colloidal surfers presented in 0 : composite 
particles featuring a hematite cube embedded in a polymeric sphere. 

We showed in a previous study that these particles become active under activation by a blue 
light in the presence of hydrogen peroxide fuel. They do not swim in bulk and only self-propel 
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on a substrate in the eonsidered experimental eonditions (pH~ 8.5). In a nutshell, the blue 
light triggers the photoeatalytie deeomposition of the hydrogen peroxide fuel by the hematite, 
ereating ehemieal (O 2 and H 2 O 2 ) gradients. Phoresis and osmosis are eomplementary interfa- 
eial phenomena lOTI . In a gradient, a free eolloid migrates phoretieally; alternatively, plaeed 
in the same gradient, a fixed surfaee will develop an osmotie flow in the opposite direetion. 
Consequently, under aetivation of the hematite by light, the surfaee of the substrate develop an 
osmotie pumping flow, due to the eoneentration gradient produeed by the deeomposition of the 
fuel||33[33l. The hematite part of the partiele is pulled toward the substrate by the osmotie flow 
and the partiele propels, surfing over the osmotie flow [|71. 

Using a thermal treatment [see Materials and Methods], we make the hematite inelusions to 
protrude out of the partiele polymer matrix, obtaining the anisotropie partieles shown in [Fig. 
lA]. In a typieal experiment the partieles are dispersed in a water-based solution eontaining 
hydrogen peroxide (varying eoneentration 1-10% v/v) and 5 mM tetramethylammonium hy¬ 
droxide to fix the pH, pH~ 8.5. The suspensions are eontained inside borosilieate square eapil- 
laries (Vitrotubes, 500 /im) that were previously eleaned by oxygen plasma. The eapillaries are 
eonneeted to a syringe pump (Harvard apparatus 33) using standard mierofluidie tubing (Peek 
tubing, 125 /im inner diameter) and sealed using UV euring glue (Nordland 86). A eontrolled 
and steady flux of solvent ean be imposed in the eapillary thanks to this setup. The experiments 
are observed through an inverted mieroseope (Nikon TE300) and reeorded using a monoehrome 
eamera (EO-1312M) at a framerate in the range 20-30fps. 

Under bright-field illumination, the partieles are at equilibrium with the solvent and sit at 
a gravitational height hg ~ lOOnm from the bottom wall [see Materials and Methods]. The 
partieles exhibit thermal translational and rotational brownian motion, visible beeause of the 
optieal eontrast provided by the red hematite eube. When illuminated through the mieroseope 
objeetive (oil immersion, lOOx, N.A.=1.4) with blue light (Nikon Intensilight, equipped with a 
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bandpass filter A ~ 430 — 490nm), the eomposite partieles start to self-propel, with a distinet 
head and tail. The hematite eube leads the self-propelled partiele, eonsistent with observations 
made using bare hematite partieles as eolloidal doekers for eargo transportation ll34ll and previ¬ 
ous experiments with spherieal eomposite partieles direeted by a magnetie field JTl . 

In the absenee of an imposed flow, the partieles exhibit isotropie self-propulsion with av¬ 
erage veloeity Vq [Fig IB-inset; movie SI], whieh varies with the eoneentration of hydrogen 
peroxide fuel and follows Miehaelis-Menten kinetics [Fig. IB] (351 [36l. The velocity lin¬ 
early increases with hydrogen peroxide concentration at low concentrations and saturates at 
Vq ~ 8 /mi/s for [H 2 O 2 ] > 5% w/w. 

The flux-driven flow is imposed in the x direction by a syringe pump connected to the 
capillary tube. This creates a steady Poiseuille flow so that the particles, confined near the non¬ 
slipping bottom surface, experience a shear flow. In the following, we denote V the velocity of 
the particle and v is the velocity of the fluid at the particle’s center. The velocity of the flow at 
the altitude y is v{y) = j y where 7 is the local shear rate [Fig. 1C]. 

In the case of a point particle advected by the flow, the two velocities are equal V(y) = 
v{y). For the general case of a particle with finite radius R, the shear flow exerts a torque on 
the particle which exhibits translational as well as rotational motion, and the ratio of the two 
velocities is a function of the dimensionless number y/R, where y is the distance of the center 
particle to the wall, V {y)/v{y) = f{y/R). The function / is an increasing function of the ratio 
y/R and f{y/R) —)■ 1 far from the wall, y ^ R (TTI . 

Without activation by light, the particles are passive tracers of the flow. They translate while 
rolling, on average, at the altitude yg = R + hg [Fig. 1C]. The streamlines are straight lines 
along the x direction [Fig. ID-E dashed line] and we characterize the flow measuring I 4 . In 
the following, we use the notation * for the velocity of the particles measured in the absence of 
activation by the light, V* = = f{yg/R) x v{yg). 
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The dynamics of the particles in an external flow is drastically altered if the light is turned on 
and the self-propulsion activated [Fig ID-E, solid lines]. The particles stop rolling, and make 
a turn so that the hematite protrusion faces the imposed flow [Fig ID, solid line; movie S2, 
S3]. For moderate flow, V* < Vq, the particles migrate upstream once activated [movie S2]. 
Increasing the flow velocity results in a better alignment of the particle displacement along the 
flow [movie S3]. The angular probability distribution of the displacement P(0) is flat for small 
flows, V* = 0.6 jum/s, and narrows down as the flow velocity increases, leading to an acute 
distribution for V* = 20 /im/s [Fig. 2C]. 

We do not observe any dependence of the phenomenon along the transverse position 2 ; in 
the channel. For fast flows, V* > 35 jum/s, the particles detach from the wall due to the high 
shear. This regime is not discussed in the paper. 

In a set of independent experiments, we test the effect of the rotational motion of the particle 
on the translation velocity. The particle is advected by the flow and, in the absence of any light, 
rotates. We can freeze the rotation of the particle using a uniform magnetic field to set the 
direction of the magnetic moment of the hematite. We do not observe any modification of V, 
whether the field it is applied transversely or along the flow. This result is consistent with [[37l 
and shows that translation and rotation are decoupled at the altitude pg. 

In the following, we use bracket notation () for ensemble and time averages, where a typical 
ensemble includes 6 to 16 independent particles. We use the particle velocity (I 4 ) to quantify 
the experimental results. We measure (I 4 ) for various flows velocity V* and for various self¬ 
propulsion velocities Vq, obtained by varying the concentration of hydrogen peroxide [Fig. 2A]. 

In the absence of flow, the propulsion is isotropic and the particles have equal probability to 
go against or along the flow, (14) = 0/xm/s. Negative values for (I 4 ) indicate positive rheotactic 
behavior of particles migrating upstream. For large flow velocities, (I 4 ) increases linearly with 
1 /*. 
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Discussion 


Our understanding of the rheotaxis in this system has to do with how the aetive polar particle 
aligns with the flow. Under light activation, the hematite cube is pulled towards the surface due 
to the induced osmotic flow at the wall [|71[M1> the polymer body lags behind the center of the 
particle, and the viscous drag exerts a torque ultimately resulting in the alignment of the particle 
by the flow. The polarity of the self-propelled particle induces the upstream migration. The 
osmotic pumping additionally pulls the particle closer to the wall, at the altitude yon = R + Kn, 
where hon is typically a few Debye length Ad ~ 4nm. The greater proximity of the non-slipping 
wall slows down the particles: Vijjon) = fiyjon/R) x vijjon) with f{yon/R) < fiVg/R)- We 
express V(yon), the advected velocity, in terms of the measurement V*: 


V{yon) ~ 


f{yon/R) y^ 

f{y,/R) 


( 1 ) 


We now present a quantitative description based on this simple model. We use the bold 
notation for vectors and denote by rj the viscosity of the solution, equal to the viscosity of water 
to a very good approximation. We assume, for the sake of simplicity, that, under light activation, 
the hematite cube is di fixed pivot, and we use the notation presented on [Fig. 2B] . 

The flow exerts on the particle a Stokes drag Fs = GnyR'v leading to a torque Ms = 
6m]R‘^v sm9 = Ms e^, which tends to align ’’downstream” from the hematite pivot [Fig. 
2B] . There is a competition between the restoring torque and the thermal rotational diffusion 
of the particle around the hematite pivoting point. Provided the low Reynolds dynamics of the 
particles in the experiment. Re ~ 10“^, the problem is formally equivalent to an overdamped 
Brownian pendulum in a ’’gravitational” field, the gravity being here replaced by an effective 
potential [|^ 

Uef[{0) = —GiiyR^v COS 9 (2) 

Using this analogy, the equation followed by the angular probability distribution P(6*, t) is given 
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by the Smoluchovsky equation [[391: dtP{ 6 ,t) = D 0 de[d 0 P{ 6 ,t) + /3MsP{6,t)] where Dq is 
the rotational diffusion eoeffieient of the partiele, 80 the angular eomponent of the gradient, and 

/3 = l/ksT. 

The steady state solution is given by the pseudo-Boltzmann distribution P{9) oc exp{—(3Uee). 
After normalization, and using the expression of the effeetive potential Ues [Eq. [^, we obtain: 

where Jq is the modified Bessel funetion of the first kind of 0*^ order llTO and K = 67rr]/3R‘^v = 
v/v. In our present experimental eonditions, we estimate from the former equation, v ~ 
0.2 /rni/s. 

We eompare the theoretieal expeetations for the orientation distribution funetion of partiele 
[Eq. with the experiment. We measure experimentally the angular distribution of the dis¬ 
placement as the angle made by the displaeement of the partieles, with respeet to the direetion 
X of the flow, over a time interval of At = 0.2s, mueh shorter than the typieal persistenee time 
of self-propulsion ~ 8s, determined from the trajeetories. Given the polarity of the moving 
eomposite partiele, this measurement refleets the orientation of the partiele, while being mueh 
more experimentally robust and aeeurate than the determination of the orientation veetor of the 
partiele. The distributions are obtained for 100 — 600 angles per partiele for ~ 10 independent 
partieles. The results show good agreement between the pseudo-Boltzmann distribution and the 
experimental measurements [Eig. 2C]. We use the distributions to extraet the dependanee of 
the width K as a funetion of the partiele veloeity V*. The datas agree, over two deeades, with 
the linear sealing predieted by our model, K = V*/v^xp with 1/hexp = 1.5 ± 0.5 s/ pm [Eig 
2C-inset]. One should note that the model assumes that the hematite eube provides a rigid fixed 
pivot while we observe in the experiment that it is sliding on the substrate. As a eonsequenee, 
we expeet to overestimate the strength of the restoring torque from the model, in line with the 
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observed result. 


Given the angular distribution P{0), one ean derive the expression for the average veloeity 
( 14 ). In our simple model, the instantaneous veloeity of the partiele in the referenee frame of 
the lab is given by 14 = (yon) — cos 6 Vq, where V(yon) is the partiele veloeity at the altitude 
yon and — cos 6* Vq is the eontribution of the of the self-propulsion, due to the alignment of the 
partiele by the flow. Using [Eqj^, we average over both time and an ensemble of independent 
partieles and obtain: 


(K) 


/ / (yon/R) ^ 

h{K) 


aV 


Io{K) 


14 


f{yoJR) y. 

f {yJR) 


14 {cos 9) = 


(4) 


where h = J P{d) cos 9d9 is the modified Bessel funetion of the first kind of order ll^ and 

a = is smaller than 1. 

fiVg/R) 

We eompare this simple model with the experimental measurements gathered on Fig. 2A us¬ 
ing the value for v extraeted from the experiment [Fig. 2D] and the veloeity of self-propulsion, 
Vq, measured in the absenee of flow [Fig. IB]. We obtain an exeellent quantitative agreement 
between the model provided by [Fq. Q [dashed lines] and the experiment [data points] as 
visible on Fig. 2, using a ~ 0.75 for all the sets of self-propulsion and hydrogen peroxide 
eoneentration (1%, 3% and 10% v/v). This value for a eorresponds to a ehange of height from 
hg ~ lOOnm to ~ lOnm aeeording to Goldmann et al OTIl . and in good agreement with our 
estimates for the ehange of altitude of the partieles, under aetivation of the partieles by the light 
and ehange from the equilibrium sedimentation height to a few Debye length. 

A similar meehanism has been diseussed for mammalian sperm eells and eompared to a dy- 
namieal model using resistive foree theory. Sperm eells spontaneously swim towards surfaees, 
heads on. The tails therefore explore, on average, regions of higher flow veloeity than the head, 
resulting in a net torque and shear-indueed reetifieation [[27ll . 
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The observed phenomenon exhibits an interesting feature: the existenee of a stable stagna¬ 
tion position for the partieles in a diverging flow field [Fig. 2A]. We harness this property to 
design a system of adaptive aetive partieles whieh self-organize in a non-uniform shear flow. 
We obtain a diverging flow plaeing the tip of a pulled mieropipette a few mierons above a glass 
substrate, immersed in a solution rheotaetie partieles and hydrogen peroxide [Fig. 3-insets]. 
The flow veloeity and the shear is deeaying from the nozzle. In the absenee of aetivation by 
light, the flow flushes the partieles away from the pipette. Onee aetivated by the light, the 
partieles spontaneously gather along a eirele around the tip, at a finite distanee ARq from the 
tip and determined by the stagnation veloeity (14) = 0 for non zero U* [Fig. 3-insets and 
movie S4]. Turning off, the light, the partieles are immediately flushed away from the tip with 
a veloeity of 7 /im/s in agreement with the model [Fig 3]. They reorganize and reform the eir¬ 
ele at the same distanee ARq onee the light is reaetivated, the flow being unehanged. This is a 
step toward the aehievement of an adaptive artifieial system whieh organizes in an external flow. 

In this paper, we engineered synthetie miero partieles whieh ean sense their environment 
and spontaneously migrate against an imposed external flow near a surfaee, thus exhibiting a 
rheotaetie behavior. This effeet originates in the alignment of the body of a polar self-propelled 
partiele by a drag anisotropy. It ean result from a shape anisotropy or the attraetion of one part 
of the body to a solid substrate (rheotaxis on a surfaee), as for mammalian sperm eells lITTl 
or our partieles. Our system is formally identieal to an overdamped Brownian pendulum in an 
effeetive non-equilibrium potential, indueed by the flow, and is quantitatively deseribed by a 
Sehmoluehovsky equation for the angular distribution. This system shows a step forward in the 
synthesis of artifieial mierosystems with advaneed biomimetie funetionalities, sinee analogous 
strategies are used by many mieroorganisms to eolonize regions against the flow [l2^l2^[29l[30ll . 
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Materials and Methods 


Colloidal synthesis and Heat treatment 

The photo-catalytic hematite cubes were prepared following the method described by Sugimoto 
et al. dm. Briefly, a sodium hydroxide solution (21.6g NaOH in 100 mL of Milliopore water) 
was dripped in an iron chloride solution (54g of FeCl^ ■ QH 2 O in 100 mL of Milliopore water) 
and the resulting gel was left undisturbed at 100 °C in a closed Pyrex bottle for 8 days. The 
resulting hematite cubes were first washed by centrifugation and dispersed in deionized water 
and then encapsulated into polymerizable silicon oil droplets as follows. 

First, 3-methacryloxypropyl trimethoxysilane (TPM) was hydrolyzed to water-soluble silanols 
by vigorously mixing 5 mL TPM and 100 mL Millipore water until all the TPM was dissolved 
and a clear solution was formed (usually 5 to 7 hours). Then 0.75 mL of ammonia (NH3, 37 
%wt) were added to a 30 mL aqueous dispersion of hematite cubes (final concentration 10 
%wt) containing a total of 15 mL hydrolyzed TPM, while kept under vigorous magnetic stir¬ 
ring. The addition of ammonia causes a poly condensation reaction between metastable water- 
soluble silanols to produce insoluble silsesquioxanes that phase separate nucleating monodis- 
perse droplets as further described in [l42l . Each hematite cube, initially suspended in the water 
phase, acts as a nucleation site for the formation of an oil droplet, thus, producing polymer 
droplets with a single inorganic inclusion. The reaction was sampled every 15 minutes and 
the particle growth was monitored with optical microscopy. To increase the size of the TPM 
droplets, the reaction was fed with more hydrolyzed TPM until the particles reached the de¬ 
sired size. The particles were then polymerized by adding 0.5 mg of 2,2’-azobisisobutyronitrile 
(AIBN) to the dispersion preheated at 80°C and kept at this temperature for 3 hours. The poly¬ 
merized particles were then dried in air at 80°C to a solid powder and finally further heated at 
700°C for 5 hours. During this heat treatment the organic material contained in the TPM matrix 
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burns causing a severe partieles shrinkage and the eonsequent protrusion of the hematite eubes. 


Sedimentation height 

The sedimentation height, h^ = ^, is defined as the height for whieh the gravitational energy 
of the partiele balanees the thermal energy in the system. For a typieal partiele, the typieal 
radius of the TPM (density 2.0) sphere is i? ~ l/rm and the hematite eube (density 5.25) of size 
600nm gives a sedimentation height for the eomposite partiele, hg ~ lOOnm. 
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Figure 1 : (A) Spherical 3-methacryloxypropyl trimethoxysilane polymer (TPM) containing a 
hematite cube (left) undergo a thermal treatment, resulting in an anisotropic particle with the 
hematite cube protruding out (right). (B) Dependence of the propulsion velocity Vq with the 
concentration of hydrogen peroxide fuel [H 2 O 2 ]. The data is empirically fit (black dashed line) 
by a Michaelis-Menten Kinetics Vq = Vm,ax[H20 ]/{B + [H202\). (B-inset) Trajectories of 
different particles. We observe an isotropic propulsion in the absence of any flow, and once 
activated by light. Note that the particles do not swim in bulk and only self-propel near a 
substrate. (C) Experimental setup. A syringe pump is connected to the capillary and induces 
a flow along the x direction. The particle (red sphere) reside at an altitude y near the bottom 
surface. It experiences a shear flow v = jy, where 7 is the local shear rate, near the non¬ 
slip boundary condition. This results in a translational velocity of the particle V{y/R) which 
depends on the ratio of the distance of the center of the particle to the wall with the radius R of 
the particle. (D) Trajectories of the particles for various flows and Vq ~ 8 /im/s. The direction 
of the flow is indicated by the blue arrow. In the absence of any light, the particle is used as a 
flow tracer advected at velocity V* (dashed line). Under light activation, the particle makes a 
U-turn and the hematite protrusion faces the flow (solid line). The alignment together with the 
polarity of the self-propulsion results in the upstream migration of the particles. 
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Figure 2: (A) Projection of the average velocity (14) along the direction of the flow as a function 
of V*. The measurements are performed for various hydrogen peroxide concentration [H 2 O 2 = 
1%, 3%, 10% v/v] (respectively red, blue and purple symbols). The velocity I 4 depends on the 
fuel concentration. Fit of the experimental data with the model [see main text] for I 4 = 4 /rni/s 
(red dashed line) and Vq = 8 /rni/s (blue dashed line) measured in the absence of any flow. (B) 
Model for the artificial rheotaxis and notation. We assume that the hematite component acts as 
a fixed pivot, linked to the substrate. We denote by 9 the angle made by the tail-head direction 
of the particle with the flow (see sketch). The flow exerts a viscous drag Fg on the body of the 
particle, leading to a torque Mp^, aligning the particle with the flow. The polarity of the particle 
induces an upstream migration. (C) Normalized angular distributions P(6*) for increasing V* 
in the range 0.6 to 20 /rni/s. Expected Boltzmann distribution P(6') cx exp[K 005(0)] (dashed 
line) superimposed on the experimental histograms, with K as the fitting parameter. (C-inset) 
Measurements of Ff as a function V* [log-log scale]. The datas agree with the linear scaling 
K = V*/ve^p (black dashed line) predicted by our model. We obtain 1//Fexp = 1-5 ± 0.5s/ /im 
from the fit to the experimental data. 
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Figure 3: Self-organization in a non-uniform flow fleld. A pulled mieropipette is approaehed 
from a glass substrate where reside artifieial swimmers, dispersed in a fuel solution. The same 
fuel solution is ejeeted out of the nozzle of the mieropipette (red arrow) inducing a diverging 
flow decaying from the tip. Initially, the particles are randomly distributed in the sample. Under 
light activation, the particles migrate towards the tip, and stop at a finite distance. They form 
a circle around the tip. Turning off the light, the particles are flushed away by the flow. The 
behavior is quantified measuring the distance AR(t), as a distance to the nozzle (one color for 
each particle). The particles move towards the tip and stay at a finite and constant distance [Fig. 
3-inset, t=177s]. Turning off the light (black arrows), they are flushed away by the flow [Fig. 
3-inset, t=180s]. The velocity with which the particles are ejected provides a measure of the 
flow velocity at the position of mechanical equilibrium. We measure U* = 7 ± l^m/s (black 
dashed line), in agreement with our expectations for the considered active particles. Turning on 
the light, the particles migrates against the flow and reform a circle at the same distance from 
the tip. 
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Supplementary Information 


Movie SI: Dynamics of the self-propelled particles in the absence of any external flow and 
shear. Under activation by a blue light, the particle self-propel along the bottom surface of a 
capillary with a distinct head and tail, the hematite cube heading. The particle is polar and the 
self-propulsion in on average isotropic. Control passive colloids, visible on the movie, exhibit 
Brownian motion and no drift showing the absence of flow. Real time movie. 

Movie S2: Dynamics of the self-propelled particles under shear, at slow flow (V* = 4/mi/s 
and the self-propulsion velocity of the particles Vq = 8/im/s). Initially, the blue light is off and 
the particle (visible by the presence of the black hematite cube) is advected by the shear flow, 
tumbling near the bottom wall of the capillary. Under activation by the blue light, the particle 
makes a turn and start migrating upstream, exhibiting a rheotactic behavior. The black cube is 
facing the flow. Control passive colloids, visible on the movie, are continuously advected by 
the flow. Real time movie. 

Movie S3: Dynamics of the self-propelled particles under shear, at fast flow (V* = 20/mi/s 
and the self-propulsion velocity of the particles Vq = S/rm/s). Initially, the blue light is off and 
the particle (visible by the presence of the black hematite cube) is advected by the shear flow, 
tumbling. Under activation by the blue light, the particle makes a turn, the black cube facing 
the flow. The particle is advected downstream but with a lower velocity than the flow itself. 
Control passive colloids are continuously advected by the flow. Real time movie. 

Movie S4: Organization of the particles in a diverging flow. A diverging flow is created 
from the nozzle of a pulled micropipette, placed a few microns above the substrate. Under 
activation by the light, the self-propelled particles migrate and form a circle around the nozzle 
at a finite distance from the tip, given by the stagnation point. Turning off the light, the particles 
are immediately flushed away by the flow. Reactivated by the blue light, the particle reposition 
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at the same distance from the tip. The drift of the tip of the pipette is due a mechanical drift of 
the micromanipulator. Real time xlO. 
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